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A B S T R A C T
Methyl-substituted melting gels were used to coat AISI 304 stainless steel substrates. Crack-free coatings
up to 1 mm in thickness were obtained. SEM micrographs of cross-sections conﬁrm good adhesion to the
surface. Samples were subjected to structural characterization using FT-IR, and Raman spectroscopy.
Mechanical properties were investigated by micro-scratch tests. Electrochemical analyses (anodic
polarization and electrochemical impedance spectroscopy) were performed in 3.5% NaCl solutions.
Electrochemical tests show excellent performance of the coatings against corrosion with no sign of
degradation after several months of immersion.
ã 2015 Elsevier Ltd. All rights reserved.
1. Introduction
AISI 304 Stainless Steel is widely used in many applications
because of its mechanical and corrosion properties. However, its
tendency to corrode in the presence of halide ions limits the
applications. Cr (VI) compounds are among the most common
substances used for corrosion protection, and their efﬁciency/cost
ratio has made them standard corrosion inhibitors. Unfortunately,
these compounds are highly toxic, and an intense effort is being
undertaken to replace them.
One of the most technologically important aspects of sol–gel
processing is the ability to produce coatings with temperatures of
sintering lower than 500 C and with low production cost.
Different sol–gel coatings have been developed to increase the
corrosion resistance of metals. In spite of these efforts when they
are used in electrolytic media, corrosion takes place due to
thickness limitations and the presence of cracks and porosity.
Considering pure inorganic sol–gel coatings, the limitations are
evident. Sol–gel silica ﬁlms have been deposited by dipping on AISI
304 stainless steel using tetraethyl orthosilicate (TEOS) as precursor
[1]. Although the coatings are homogeneous and free of cracks, the
thickness is between 50 and 120 nm. Polarization curves of the
coated samples indicate improvement of the corrosion resistance.
However, this enhancement is limited by the small thickness of the
coating, and probably due to the presence of very small pores. As an
way to avoid defects which emerge in pure silica coatings, two
layered silica ﬁlm have been prepared on 304 stainless steel surfaces
by using a spray and subsequent dip coating processes [2]. The outer
dip coated layer was intended to cover the rough and porous spray
coated layer underneath and hence to enhance the corrosion
resistance of the overall layer. Another approach was to prepare
solutions by mixing a sodium silicate (Na2Si3O7) solution, silica
colloid, TEOS and methyl-triethoxysilane (MTES). A homogeneous
and crack freesurfacewassuccessfullyobtainedafterthe dipcoating.
The prepared ﬁlm also showed an enhanced corrosion resistance,
although limitedbecause of the presence of some defects in the outer
layer. Other oxides coatings such as TiO2 [3], ZrO2 [4], SiO2-ZrO2 [5],
and ZrO2-CeO2 [6] have been prepared using the sol–gel method and
deposited on AISI 304 substrates. These coatings extended the
lifetime of the substrate, but the corrosion protection was limited
due to the low thickness of the coating and the presence of pores.
* Corresponding authors. Fax: +34 917355843.
E-mail addresses: maparicio@icv.csic.es (M. Aparicio),
andrei.jitianu@lehman.cuny.edu (A. Jitianu), Gabriela.rodriguez@lc.lehman.edu
(G. Rodriguez), ahmed.degnah@rutgers.edu (A. Degnah),
kutaiba.almarzoki@rutgers.edu (K. Al-Marzoki), jmosa@icv.csic.es (J. Mosa),
licklein@rci.rutgers.edu (L.C. Klein).
http://dx.doi.org/10.1016/j.electacta.2015.12.142
0013-4686/ã 2015 Elsevier Ltd. All rights reserved.
Electrochimica Acta 202 (2016) 325–332
Contents lists available at ScienceDirect
Electrochimica Acta
journa l home page : www.e l sev ier .com/ loca te /e le cta cta
When an organic functionality is attached to the silicon atom,
the thickness of crack-free coatings can be increased. The
preparation of coatings by dipping substrates in sol–gel solutions
is an established method to produce homogeneous coatings with
uniform thickness below 2 mm [7,8]. Regarding hybrid organic-
inorganic coatings on stainless steel, sol–gel coatings were
obtained from TEOS and 3-methacryloxypropyl-trimethoxysilane
(MPS) using a two-step acid catalysis process [9,10]. These coatings
enhance corrosion protection by forming a physical barrier, which
effectively separates anodic and cathodic areas. However, corrosive
ions still diffuse through the micropores of the sol–gel coatings and
react with the metal elements at the interface between the sol–gel
coating and substrate, limiting the corrosion protection provided.
Thicker coatings (5 mm) have been prepared by electrophoretic
deposition (EPD) on 304 stainless steel using TEOS, methyltrie-
thoxysilane (MTES) and a commercial colloidal suspension of silica
[11,12]. Although the corrosion protection is similar to that
obtained with thinner coatings obtained by dipping, the possibility
of scaling-up for industrial production makes EPD an attractive
route.
The softening behavior of “melting gels” was reported for the
ﬁrst time for a poly(benzylsilsesquioxane) based system by
Matsuda et al [13]. Later, using phenyltriethoxysilane (PhTES)
and diphenyldiethoxysilane (DPhDES) or MTES and dimethyldie-
thoxysilane (DMDES) in two steps of catalysis, Masai et al. [14].
obtained organically modiﬁed polysilsesquioxanes with a low
softening point. Here is reported the preparation and use of methyl
based melting gels as anticorrosive coatings. The hybrid melting
gels were synthesized by the sol–gel method using mono-
substituted silanes such as methyltriethoxysilane (MTES) and di-
substituted silanes such as dimethyl-diethoxysilane (DMDES) [15].
Hybrid glasses were obtained by thermal treatment of the silica-
based hybrid melting gels. Following thermal treatment at the
consolidation temperature for 24 hours, melting gels were not
softening anymore and were transformed into hybrid glasses
which contain methyl moieties directly bonded to the silica
network. Due to this fact these coatings are hydrophobic and non-
porous.
Before consolidation, the melting gels contain linear molecular
chains, which allow those gels to soften [16]. During the thermal
treatment to the consolidation temperature, the ﬂexible linear
molecular chains and hydroxyl groups from different chains come
into a favorable position so that condensation reactions between
molecular chains can occur. In this way, a three-dimensional
network of the hybrid glasses is formed, preventing the re-
softening of the gels [15–17]. The temperature of consolidation
increases with the increasing of the amount of disubstituted
alkoxide (DMDES) [15,16]. In comparison with organic coatings,
“Melting Gels coatings” have several advantages as higher thermal
and chemical stabilities because of the inorganic component and a
better adhesion because of the presence of silanols groups (Si-OH)
that improves the bonding to metal substrates through the
formation of M-O-Si bonds.
In this study, the hybrid glass coatings obtained by consolida-
tion of methyl substituted melting gels, with different
concentrations, were used to coat 304 stainless steel substrates.
These melting gels produce very thick crack-free coatings (more
than 0.5 mm) that adhered well to the substrate. One of the main
objectives in this study was to evaluate the inﬂuence of the coating
composition on the corrosion protection provided. The different
hybrid composition, with different percentages of organic and
inorganic components, may lead to different corrosion protection
performance. Electrochemical tests show an excellent behavior of
the coatings against corrosion, with no sign of degradation after
several months of immersion under these conditions. Although
these are preliminary results, the application of melting gels
coatings would be focused on the protection of steel and concrete
from chemical attack in interior, exterior and marine environ-
ments, including high chemical resistance industries (reﬁneries,
electroplating plants, chemical processing plants, battery handling
rooms, food processing plants, manufacturing plants, etc.),
protection against moderately aggressive chemicals (institutional
and commercial kitchens and laundries, sewage and water
treatment tanks and digesters, breweries and winery facilities)
and protection of concrete and steel in marine structures.
2. Experimental section
The preparation of the melting gels was reported before [15].
Brieﬂy, the melting gels were prepared as follows. Two alkoxides
were employed, one mono-substituted methyltriethoxysilane
(MTES) (Sigma-Aldrich, Milwaukee, WI) and a di-substituted
one dimethyldiethoxysilane (DMDES) (Fluka Chemicals, Milwau-
kee, WI). The alkoxides were used without further puriﬁcation.
Hydrochloric acid (Fisher Scientiﬁc, Atlanta, GA) and ammonia
(Sigma-Aldrich, Milwaukee, WI) were used as catalysts while
anhydrous ethanol (Sigma-Aldrich, Milwaukee, WI) was used as
solvent. Four melting gels with compositions between 50% MTES-
50% DMDES and 70% MTES-30% DMDES (in mol%) which are listed
in Table 1 have been prepared for this study. The consolidation
temperatures were optimized for bulk samples in previous studies
[15,16]. The synthesis had three different steps. First, the water was
mixed with hydrochloric acid and with half of the ethanol.
Separately, the MTES was mixed with the other half of the ethanol.
Then, the mixture between ethanol and MTES was added dropwise
to the water solution under continuous stirring. The container was
sealed, and the mixture was stirred at room temperature for
3 hours. The molar ratios of MTES:EtOH:H2O:HCl were 1:4:3:0.01.
In the second step, the di-substituted alkoxide DMDES was diluted
with ethanol in a molar ratio of DMDES:EtOH = 1:4. The DMDES-
EtOH mixture was added dropwise to the ﬁrst mixture. This
resulting solution was kept under continuous stirring in the sealed
container at room temperature for two more hours. In the third
step, ammonia was added to the mixture, which was stirred for one
more hour in the sealed container. The molar ratio of (MTES +
DMDES):NH3 = 1:0.01. The ﬁnal solution was stirred for 48 hours at
room temperature in an open container until gelation occurred.
Ammonium chloride was formed as a byproduct during gellation.
To remove this, 10 ml of dry acetone (Spectranal, Sigma-Aldrich)
was added to the samples. The ammonium chloride was removed
Table 1
The chemical compositions of the melting gels prepared in the MTES-DMDES system.
Sample Composition Temperature of consolidation
(C)
Thickness of the hybrid glass coating
(mm)
MTES (mol%) DMDES (mol%)
1 50 50 160 0.60
2 60 40 155 0.58
3 65 35 150 0.76
4 70 30 140 0.73
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by ﬁltration. Then the clear solution was stirred in an open beaker
until all the acetone was evaporated. This was followed by a heat
treatment at 70 C for 24 hours to remove any remaining acetone
and ethanol, followed by another heat treatment at 110 C for
removal of unreacted water. The consolidation temperatures for
each composition are a function of the mol% between MTES and
DMDES. At these temperatures the melting gels are transformed
into hybrid glasses. Those temperatures were established empiri-
cally and are listed in Table 1.
AISI 304 stainless steel samples (5  7 cm2) were degreased,
hand-washed with distilled water, rinsed in ethanol and dried. The
stainless steel supports were preheated at the temperature of
consolidation of the hybrid glasses for 30 minutes before each
deposition. On the other hand the melting gels were softened at
110 C before their deposition. Coatings were deposited by pouring
of the melted gels onto steel sheets. After the deposition, the
coatings were thermally treated for 24 hours at the temperatures
of consolidation listed in the Table 1.
Characterization of the hybrid glasses obtained by consolida-
tion of the melting gels includes infrared spectroscopy (FT-IR)
using a using ThermoNicolet Avatar 360 FTIR (Waltham, MA)
equipped with a Smart Endurance ATR attachment (diamond
crystal) between 4000 and 600 cm1. The Raman spectra of the
consolidated hybrid glass coatings were recorded between 4000
and 250 cm1. Raman spectra were recorded using Renishaw1 in
Via Raman Microscope (Renishaw, Gloucestershire, UK) equipped
with 765 nm laser. Spectra were acquired under a Leica optical
microscope at 50x magniﬁcation.
Coating integrity (pores, cracks, blisters, etc.) and thickness
were evaluated on the cross-section of coated samples by scanning
electron microscopy (HITACHI S-4700 ﬁeld emission) and elemen-
tal chemical analysis by Energy Dispersive X-ray Spectroscopy
(EDX, NORAN system six). Micro-scratch tests were performed on
coated substrates operating in “progressive load” mode (Model
APEX-1, CETR equipment) using a Conical type diamond with 5 mm
tip radius. Normal and tangential forces were recorded, and
scanning electron microscopy (HITACHI S-4700 ﬁeld emission) was
used to examine the morphology of the residual scratch patterns.
Electrochemical tests were conducted at room temperature in NaCl
3.5% wt solutions using an electrochemical unit (Multichannel
Potentiostat VMP3 from Bio-Logic SAS, Low Current channel) with
a maximum current resolution down to 76 fA and an accuracy of
<1% FSR (Full Scale Range) on the 1 nA range, <0.5% FSR on the
10 nA range and < 0.1% FSR on the other ranges. Bare AISI 304 was
used as a blank. A three electrode cell was employed using a
platinum mesh of convenient area as counter electrode and a
saturated calomel electrode (SCE), +0.244 V vs. SHE at 25 C, as
reference electrode. The coating area exposed to the testing
solution was 0.785 cm2. Anodic potentiodynamic polarization
curves were recorded at a scan rate of 0.167 mV s1. Electrochemi-
cal impedance spectroscopy (EIS) was performed sweeping
frequencies from 105 to 102Hz and modulating 0.020 V (rms)
around corrosion potential (Ecorr). Both tests were performed as a
function of the immersion time in the electrolyte. Impedance
ﬁtting was performed using Bio-Logic software.
3. Results and Discussion
Melting gels coatings prepared by the procedure described
above are transparent and colorless, are solid at room temperature
and become ﬂuid at elevated temperatures 110 C which is below
the temperatures of consolidation [15]. The thickness of the hybrid
glass coatings are listed in Table 1. The three-dimensional network
of the hybrid glasses is formed by RSi–O–SiR backbone which
contains methyl groups –CH3 directly bonded to the silicon atoms.
The presence of Si-CH3 bonds in the hybrid glass coatings was
evidenced by recording the FT-IR and Raman spectra.
Fig. 1 shows the FT-IR spectra of all the hybrid coatings formed
by consolidation of the melting gels. The presence of the methyl
moieties was conﬁrmed by the occurrence of the following
absorption peaks nasym CH3 at 2965 cm1, nsym CH3 at 2922 cm1,
dasym CH3 at 1409 cm1, dsym CH3 at 1260 cm1 [15,18,19]. The
intensity of those peaks and especially the intensity of dasym CH3
placed at 1409 cm1 increase with increasing amount of the di-
substituted alkoxide, DMDES. This can be explained by the
increasing of the number of the CH3 groups grafted on the
RSi–O–SiR backbone. The number of the CH3 groups is
increasing with the increasing of the concentration of the DMDES
used in the original melting gels. Presence of Si-C bonds was
detected by the identiﬁcation of the absorbance peaks n Si–C at
690 cm1 and r Si-C at 852 cm1 [18–20]. The occurrence of the
shoulder at 896 cm1 was assigned to the d Si-O-C which is due to
the presence of the partially un-hydrolyzed ethoxy groups from
the original alkoxide. As seen in Fig. 1, this shoulder is completely
Fig. 1. FT-IR spectra of all the hybrid coatings formed by consolidation of the
studied melting gels.
Fig. 2. Raman spectra of all the hybrid coatings formed by consolidation of the
studied melting gels.
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absent for the coating prepared with 50% MTES–50% DMDES,
probably because of the initial lower amount of ethoxy groups and
the higher temperature of consolidation used for this composition.
The characteristic vibrations for Si–O–Si backbone of the network
were identiﬁed at 756 cm1 for nsym Si–O–Si at 1005 cm1 for nasym
Si–O–Si (TO), and at 1092 cm1 for nasym Si-O-Si (LO) [18,21].
The Raman spectra of all studied hybrid coatings are displayed
in Fig. 2. The characteristic peaks for the presence of the Si-O-Si
such as the ring breathing vibrations such as the vibration assigned
to 8-member ring structure was identiﬁed at 466 cm1,while the
vibration for a 6- member ring structure was identiﬁed at 588 cm1
[22]. Beside these, the nsym Si–O–Si was identiﬁed at 790 cm1
while the nasym Si–O–Si was observed at 1090 cm1 [21,23]. The
presence of Si-C bonds was indicated by presence of n Si–C at
705 cm1 [18,23]. Methyl groups bonded to the silica backbone are
assigned to the Raman bands nasym CH3 at 2964 cm1, nsym CH3 at
2903 cm1, dasymCH3 at 1413 cm1, dsym CH3 at 1266 cm1 and r
CH3 at 742 cm1 [18]. In addition, the presence of un-reacted
ethoxy groups was identiﬁed by occurrence of d Si–O–C at
864 cm1. The peaks assigned to the presence of the methyl groups
and Si-C bonds have higher intensities than the peaks due to the
Si–O–Si bonds. This can be explained by the prevalence of the CH3
groups on the surface of the hybrid coatings [15]. Since the Raman
spectra were recorded under an optical microscope and the
penetration of the excitation laser beam for this setup is less than
0.5 mm, the high intensity of these vibration bands from methyl
groups and Si-C bonds reﬂect their prominence on the coating
surface.
The analysis of the cross-section of all coatings (Fig. 3) shows
homogeneous, thick and crack-free layers. It was not possible to
observe any difference between different compositions regarding
adhesion at this point. The coatings are well-bonded, despite the
polishing process, and the thickness ranged between 580 and
760 mm depending on the viscosity of the melting gels. It is
possible to observe some scales in the magniﬁed views that can be
associated with the polishing process, since pores or other defects
are not detected. It is also possible to see how the hybrid coating
has been able to adapt to irregularities of the metal surface, which
certainly enhances their adhesion and corrosion protection
behavior, as for example in the case of an inhomogeneity in the
surface of the steel substrate (Fig. 3d). Elemental chemical analysis
by EDX indicates a homogeneous distribution of elements across
the coating thickness.
The coating adhesion is an important property for an efﬁcient
corrosion protection, because in case of electrolyte penetration the
lifetime of the protection system will be higher if there is not an
evident detachment of the layer from the metal substrate. Fig. 4
presents the normal load applied (Fz) and tangential force (Fx) as a
function of the horizontal displacement (Y), and the residual
scratch patterns at low and high magniﬁcations for all the
compositions. The trend of the tangential force proﬁle shows a
ﬁrst step with a linear behavior at low load, and a serrated line-
Fig. 3. Cross-section SEM micrographs of all coatings on the metal substrate, including a magniﬁed view: a) 50MTES-50DMDES, b) 60MTES-40DMDES, c) 65MTES-35DMDES,
d) 70MTES-30DMDES.
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shaped increasing in intensity at moderate and high loads. The
boundary point between the two branches is located at increasing
Y when the DMDES content rises. This point indicates the critical
load, the minimal load for the occurrence of a failure event in the
coating, which could mean a coating detachment or only a
signiﬁcant deformation of a well adhered layer (like in this case).
SEM micrographs show a high plastic deformation behavior,
accentuated with the increase of MTES content. This behavior can
be associated with the temperature of consolidation and the
weight loss during the thermal treatment, which increases with
increasing DMDES content, leading to higher densiﬁcation in the
coating. This deformation in a ductile way under the advancing
indenter and the excellent adhesion observed are two important
properties to obtain good corrosion resistant coatings.
With the aim of comparing corrosion susceptibility of the
coated system in comparison with the uncoated metal, anodic
polarization curves and impedance spectra have been recorded as
a function of immersion time in NaCl 3.5% wt solution.
Potentiodynamic polarization curves of the coated substrates
after six hours of immersion are shown in Fig. 5 along with the
stainless steel reference. The curve achieved for bare steel showed
a material in a passive state, with a breakdown potential (potential
in which passivity breaks and current density increases in a
monotonic way with potential) of 0.21 V. All the coated substrates
present a similar behavior during the ﬁrst day of immersion
showing very low current densities, around six orders of
magnitude. The non-conducting behavior of these coatings
together with its high thickness and good adherence makes it
difﬁcult to determine a precise corrosion potential. This is the
reason why the values of this potential are different for similar
coatings. The coating seems to remain unaltered during the
polarization, suggesting a very stable superﬁcial ﬁlm without any
breakdown potential at this stage.
In order to analyze in more detail the corrosion protection
provided, impedance measurements were carried out as a function
of immersion time in NaCl 3.5 wt.% solution. Fig. 6 displays Bode
plots (log/Z/vs. log frequency and phase angle vs. log frequency) for
the coated substrates during the ﬁrst day and after four months of
Fig. 4. Micro-scratch tests of the coated substrate, showing Normal load applied (Fz) and tangential force (Fx) as a function of the horizontal displacement (Y): a) 50MTES-
50DMDES, b) 60MTES-40DMDES, c) 65MTES-35DMDES, d) 70MTES-30DMDES.
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immersion in comparison with the bare steel. Bare samples show
one time constant at low frequencies suggesting that the system
response could be related to the metal corrosion. The system
response for the coated substrates, similar for all the coating
compositions and independent of the immersion time, is highly
capacitive in the frequency domain under study, showing only one
time constant. This behavior corresponds to a quasi-ideal coating
which does not exhibit any indication of corrosion attack even after
exposure time of up to four months. Impedance values at 102Hz
are around 1011 ohm, around six orders of magnitude higher than
that of the bare substrate, in accordance with polarization results.
The electrochemical behavior can be described in terms of an
equivalent circuit in order to provide the most relevant parameters
applicable to the system. Table 2 shows the equivalent circuits used
Table 2
Equivalent circuits and ﬁtting parameters corresponding to the EIS spectra of Fig. 6.
CPEdl
Rs
Rct
a)
CPEcoat
Rs
Rcoat
b)
Rs/Vcm2 Rcoat/Vcm2 CPEcoat Rct/Vcm2 CPEdl
Ccoat/Fcm2 sa1 a Cdl/Fcm2 sa1 a
Bare, 6 hours (a) 24 2.86 E + 06 3.58 E-05 0.92
50MTES-50DMDES, 1 day (b) 30 3.15 E + 11 6.56 E-11 0.96
50MTES-50DMDES, 163 days (b) 30 1.55 E + 11 6.65 E-11 0.98
60MTES-40DMDES, 1 day (b) 30 2.30 E + 11 7.96 E-11 0.95
60MTES-40DMDES, 138 days (b) 30 4.21 E + 11 7.08 E-11 0.96
65MTES-35DMDES, 1 day (b) 30 1.98 E + 11 3.71 E-11 0.99
65MTES-35DMDES, 136 days (b) 30 1.88 E + 11 4.17 E-11 0.99
70MTES-30DMDES, 1 day (b) 30 6.12 E + 11 4.54 E-11 0.97
70MTES-30DMDES, 127 days (b) 30 2.67 E + 11 6.48 E-11 0.98
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Fig. 7. Potentiodynamic polarization curves of the bare and coated metal substrates during the ﬁrst day and after four months of immersion in 3.5 wt.% NaCl solution.
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to model the bare and coated substrates and the ﬁtting of the data.
A constant phase element (CPE) was used instead of an “ideal”
capacitor, taking into account that the slopes of the curves in the
log |Z| vs. log freq. plot were not 1 (value expected for an ideal
capacitor). This behavior can be associated with system homoge-
neity, for example small differences in the coating thickness due to
irregularities on the surface of steel substrate. The equivalent
circuits consist of the following elements: Rs represents the
electrolyte resistance, CPEdl considers the presence of a double
layer between the metal surface and the electrolyte, Rct is related
with the charge transfer resistance of the metal, CPEcoat is related
to the non-ideal capacitance of the coating, and Rcoat is the
resistance presented by the porous or defects to the passage of the
electrolyte. Errors from numerical ﬁtting were always lower than
10%. The values of Rcoat and CPEcoat do not show any signiﬁcant
change for all compositions and immersion times, conﬁrming the
excellent corrosion protection efﬁciency of the coatings. On the
other hand, the bare substrate presents the typical values of CPEdl
and Rct associated with the corrosion process.
After this immersion process with impedance measurements,
and before removing the sample from the electrochemical cell, an
anodic polarization test was performed in order to evaluate the
barrier properties of the coatings after four months of immersion
in comparison with the polarization curve obtained during the ﬁrst
day of immersion. Fig. 7 shows the potentiodynamic polarization
curves of the coated substrates during the ﬁrst day and after four
months of immersion along with the bare substrate. The results
indicate similar values of current densities for all the coatings
during the ﬁrst day and after four months of immersion. Variations
in the position of the open circuit potential can be observed, and
can be associated with the good barrier properties of the coatings.
The protection system seems to remain unaltered during the
immersion and polarizations, suggesting an excellent corrosion
protection system on AISI 304 stainless steel.
4. Conclusions
Thick (>0.5 mm) hybrid glass coatings on AISI 304 Stainless
Steel were obtained by consolidation of methyl substituted melting
gels. The presence of methyl moieties and a Si–O–Si backbone were
conﬁrmed by FT-IR and Raman spectra. In addition, Si–O–C bonds
were detected due to the presence of residual unhydrolyzed ethoxy
groups from the precursor. Both SEM analysis of the cross-section
and micro-scratch tests show homogeneous, thick, crack-free and
well-bonded coatings with largely plastic deformation behavior.
Electrochemical characterization (potentiodynamic polarization
and electrochemical impedance spectroscopy) in NaCl 3.5% wt.
solution indicates very stable surface ﬁlms that show no
breakdown, with almost no variation between the ﬁrst day and
after four months of immersion. Current densities in polarization
curves are as low as 103 nA/cm2, six orders of magnitude lower in
comparison to the bare substrate. Impedance measurements also
present an excellent behavior with values around 1011Ohm, six
orders of magnitude higher than the bare substrate, in accordance
with polarization results.
Acknowledgments
This work is supported by NSF –DMR Award #1313544,
Materials World Network, SusChEM: Hybrid Sol–Gel Route to
Chromate-free Anticorrosive Coating and by Ministerio de
Economía y Competitividad, Spain (PCIN-2013-030). The authors
thank Miguel Gómez and David Soriano for support in coatings
characterization.
References
[1] D.C.L. Vasconcelos, J.A.N. Carvalho, M. Mantel, W.L. Vasconcelos, Corrosion
resistance of stainless steel coated with sol–gel silica, J. Non-Cryst. Solids 273
(2000) 135–139.
[2] Taejin Hwang, HeungYeol Lee, Hohyeong Kim, GyunTak Kim, Two layered silica
protective ﬁlm made by a spray-and-dip coating method on 304 stainless steel,
J. Sol–Gel. Sci. Technol. 55 (2010) 207–212.
[3] L. Curkovic, H.O. Curkovic, S. Salopek, M.M. Renjo, S. Šegota, Enhancement of
corrosion protection of AISI 304 stainless steel by nanostructured sol–gel TiO2
ﬁlms, Corros. Sci. 77 (2013) 176–184.
[4] F.L. Perdomo, P. de Lima-Neto, M.A. Aegerter, L.A. Avaca, Sol–Gel deposition of
ZrO2 ﬁlms in air and in oxygen-free atmospheres for chemical protection of
304 stainless steel: a comparative corrosion study, J. Sol–Gel. Sci. Technol. 15
(1999) 87–91.
[5] Y. Castro, M. Aparicio, R. Moreno, A. Durán, Silica–zirconia sol–gel coatings
obtained by different synthesis routes, J. Sol–Gel. Sci. Technol. 35 (2005)
41–50.
[6] R. Di Maggio, L. Fedrizzi, S. Rossi, P. Scardi, Dry and wet corrosion behaviour of
AISI 304 stainless steel coated by sol–gel ZrO2-CeO2 ﬁlms, Thin Solid Films 286
(1996) 127–135.
[7] P. Innocenzi, M.O. Abdirashid, M. Guglielmi, Structure and properties of sol–gel
coatings from methyltriethoxysilane and tetraethoxysilane, J. Sol–Gel. Sci.
Technol. 3 (1994) 47–55.
[8] A. Pepe, M. Aparicio, A. Durán, S. Ceré, Cerium hybrid silica coatings on
stainless steel AISI 304 substrate, J. Sol–Gel. Sci. Technol. 39 (2006) 131–138.
[9] T.P. Chou, C. Chandrasekaran, S. Limmer, C. Nguyen, G.Z. Cao, Organic–
inorganic sol–gel coating for corrosion protection of stainless steel, J. Mater.
Sci. Lett. 21 (2002) 251–255.
[10] T.P. Chou, C. Chandrasekaran, S. Limmer, S. Seraji, Y. Wu, M.J. Forbess, C.
Nguyen, G.Z. Cao, Organic–inorganic hybrid coatings for corrosion protection,
J. Non-Cryst. Solids 290 (2001) 153–162.
[11] Y. Castro, B. Ferrari, R. Moreno, A. Durán, Coatings produced by electrophoretic
deposition from nano-particulate silica sol–gel suspensions, Surf. Coat.
Technol. 182 (2004) 199–203.
[12] Y. Castro, A. Duran, J.J. Damborenea, A. Conde, Electrochemical behaviour of
silica basic hybrid coatings deposited on stainless steel by dipping and EPD,
Electrochim. Acta 53 (2008) 6008–6017.
[13] A. Matsuda, T. Sasaki, K. Hasegawa, T. Tatsumisago, M. Minami, Thermal
softening behavior and application to transparent thick ﬁlms of poly
(benzylsilsesquioxane) particles prepared by sol–gel process, J. Am. Ceram.
Soc. 84 (2001) 775–780.
[14] H. Masai, Y. Tokuda, T. Yoko, Gel-melting method for preparation of organically
modiﬁed siloxane low-melting glasses, J. Mater. Res. 20 (2005) 1234–1241.
[15] A. Jitianu, J. Doyle, G. Amatucci, L.C. Klein, Methyl modiﬁed siloxane melting
gels for hydrophobic ﬁlms, J. Sol–Gel. Sci. Technol. 53 (2010) 272–279.
[16] A. Jitianu, K. Lammers, G.A. Arbuckle-Keil, L.C. Klein, Thermal analysis of
organically modiﬁed siloxane melting gels, J. Therm. Anal. Calorim. 107 (2012)
1039–1045.
[17] K. Takahashi, K. Tadanaga, A. Matsuda, A. Hayashi, M. Tatsumisago,
Thermoplastic and thermosetting properties of polyphenylsilsesquioxane
particles prepared by two step acid-base catalyzed sol–gel process, J. Sol–Gel
Sci. Technol. 41 (2007) 217–222.
[18] A.D. Chomel, P. Dempsey, J. Latournerie, D. Hourlie-Bahloul, U.A. Jayasooriya,
Gel to glass transformation of methytriethoxysilane: a silicone oxycarbide
glass precursor investigated using vibrational spectroscopy, Chem. Mater. 17
(2005) 4468–4473.
[19] G. Das, P. Bettotti, L. Ferraioli, R. Raj, G. Mariotto, L. Pavesti, G.D. Soraru, Study of
pyrolysis process of an hybrid CH3SiO1.5 gel into a SiCO glass, Vibrational
Spectrosc. 45 (2007) 61–68.
[20] Y.S. Li, Vibrational spectroscopic studies on triethoxy (-(triﬂuoromethyl)-
phenyl) silane and its sol–gel coatings, Spectrochim. Acta A Mol. Biomol. Spec.
96 (2012) 868–873.
[21] A. Bertoluzza, C. Fagnano, M.A. Morelli, V. Gottardi, M. Guglielmi, Raman and
infrared spectra on silica gel evolving towards glass, J. Non-Cryst. Solids 48
(1982) 117–128.
[22] C. Pakjamsai, N. Kobayashi, M. Koyano, S. Sasaki, Y. Kawakami,
Characterization of the benzene-insoluble fraction of the hydrolyzate of
phenyltrimethoxysilane in the presence of benzyltrimethylamonium
hydroxide, J. Polym. Sci Part A: Polym. Chem. 42 (2004) 4587–4597.
[23] B. Riegel, S. Plittersdorf, W. Kiefer, N. Hüsing, U. Schubert, Raman spectroscopic
analysis of the sol–gel processing of RSi(OMe)3/Si(OMe)4 mixtures, J. Molec.
Struct. 410-411 (1997) 157–160.
332 M. Aparicio et al. / Electrochimica Acta 202 (2016) 325–332
